National REDD+ strategy
Zambia is one of the nine pilot countries in the United Nations Collaborative Programme on Reducing Emissions from Deforestation and Forest Degradation in Developing Countries (UN-REDD) and is currently at the first stage of REDD+ 1 readiness under the UN-REDD Quick Start initiative. A National REDD Strategy (NRS) is currently being developed by the National Joint Programme (NJP) to which the Center for International Forestry Research (CIFOR) is contributing technical support. A key component of the NRS is to build the capacity of relevant stakeholders, such as the Ministry of Lands, Natural Resources and Environmental Protection, to undertake forest measuring and monitoring. A specific objective of the NJP is to strengthen the monitoring, reporting and verification (MRV) capacity for REDD+ in Zambia, which is of critical importance to its effectiveness.
Zambia is currently establishing a national monitoring system for REDD+, a major component of which is the development of the Integrated Land Use Assessment (ILUA), undertaken by the Forestry Department and supported by the Food and Agriculture Organization of the United Nations. ILUA Phase I (ILUA I) has been completed and provides data toward meeting Intergovernmental Panel on Climate Change Tier 1 and Tier 2 requirements for estimates of carbon stocks. Data gathering for ILUA Phase II (ILUA II) is ongoing, including data generated from the Nyimba Forest Project (NFP), with a methodology specifically designed to enable MRV for REDD+ in Zambia. A national remote sensing analysis is also being undertaken as part of ILUA II to provide reference forest cover levels for the country. 
Drivers of deforestation and degradation
Land-use change and forest loss are the main contributors to Zambia's greenhouse gas emissions. Deforestation rates are significant in Zambia, with approximately 300,000 ha of forest cover lost per year. Wood extraction, agricultural expansion, infrastructure development and fires are the main drivers of deforestation and forest degradation. Charcoal production is considered one of the primary causes of forest degradation in Zambia and the main cause of carbon stock loss from forests in the country. Land clearance for agriculture is the primary cause of forest cover loss.
Issues and challenges
A number of challenges need to be overcome to ensure an adequate MRV system for Zambia. Problems include low institutional capacity for forest monitoring, limited knowledge regarding forest resources and carbon stocks, and technical challenges such as mapping forest degradation caused by charcoal production in complex dry woodland ecosystems. ILUA II and regional projects, such as the NFP undertaken by CIFOR, have been designed to overcome these challenges.
Major knowledge gaps
Research on woodland ecology relevant to MRV of REDD+ has focused on miombo woodland in Zambia, as the dominant and most economically important forest type. Studies have examined growth rates, standing biomass, root to shoot ratios and regeneration of miombo woodlands following extraction of wood for charcoal production. However, much of this research is not current, the majority of data is over 10 years old, and there are a number of key knowledge gaps and data deficiencies including:
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• verification of above-ground biomass (AGB), below-ground biomass (BGB), soil, deadwood and litter carbon stocks within all woodland types and drivers of carbon stock change • standing biomass and growth rates within Kalahari, mopane and munga woodlands and evergreen forests (and other forest and woodland formations), including the causes of variability in biomass levels within Zambian forest ecosystems • the availability of regional allometric models for predicting biomass and carbon stocks specific to Zambian woodland and forest ecosystems • verification of deforestation and forest degradation rates; in particular carbon stock losses from charcoal production and the ability to map changes associated with forest degradation using remote sensing • the impact of fire on woodland loss and carbon stocks, including the impact of fire on soil carbon.
Gap filling
ILUA II should fill a large number of data, methodological, capacity and eligibility gaps for MRV of REDD+ in Zambia. It should also provide data to enable IPCC Tier 3 estimates for AGB, deadwood, soil and litter carbon pools. BGB estimates may only be possible to Tier 1 or Tier 2, due to the technical challenges of measuring BGB in miombo woodlands. ILUA II will cover all the major forest types and calculate specific biomass expansion factors for Zambia.
CIFOR's NFP will complement the national level work by developing subnational scale models for MRV in Eastern Province. The project is undertaking research in miombo, mopane and munga forest and woodland formations in Nyimba District. ILUA II and the NFP will also contribute to capacity building in the country, for example through collaboration with local partners and training of field surveyors. Additional work on MRV in Zambia is being carried out by the United States Forest Service with funding from the United States Agency for International Development, also in Eastern Province. BioCarbon Partners is also conducting work on MRV in Rufunsa District. Opportunities for collaboration between these various institutions should be explored as they share similar objectives in improving the capabilities of Zambia to develop an effective MRV system for REDD+.
As well as the major knowledge gaps and data deficiencies identified above, the capacity for MRV of REDD+ in Zambia should be improved through the following:
• (MTNER 2007) .
Under the UNFCC REDD+ readiness process countries can implement REDD+ in three phases. Phase I includes the development of national action plans. Phase II requires capacity building and the development of a results-based national monitoring system; while Phase III requires countries to address MRV for REDD+ in line with Decision 1/CP.16 (UNFCC 2010; Romjin et al. 2012) . Having created the NJP and completed the first part of its Integrated Land Use Assessment (ILUA), Zambia is in Phase II of this process and is conducting data collection, monitoring and analysis in order to establish a national monitoring system.
The Nyimba Forest Project
In In order to provide background information for the NFP, this paper summarizes the status of MRV and REDD+ readiness in Zambia, as well as the current state of knowledge and studies available with regards to deforestation rates, emissions from deforestation and degradation, available data sets for MRV in the country, and an assessment of key knowledge and data gaps. This paper will feed into CIFOR's ongoing MRV project in Nyimba District and complement the national REDD+ readiness activities undertaken by UN-REDD and Zambian Forestry Department.
Major forest types in Zambia
Zambia's vegetation is dominated by miombo, which is characterized by open woodland dominated by Caesalpinioideae tree species including Brachystegia, Julbernardia and Isoberlinia, often associated with a dense grass sward (Byers 2001) . Caesalpinoid dry woodlands are often located on nutrient-poor soils and are generally deciduous, shedding their leaves in dry seasons of the year. Zambian woodlands have long history of human use, including extraction of wood for timber and fuel, grazing, harvesting of non-timber forest products (NTFPs) and fire. The Food and Agricultural Organization of the United Nations (FAO) classifies all Zambian forests as secondary, naturally regenerated forests with no true primary forest remaining (FAO 2010) . Generally, very little undisturbed, old-growth, dry woodlands remain in southern Africa (Defrees et al. 2011) .
Forest cover in Zambia comprises around 50 million hectares, or over 65% of the total land area (Kalinda et al. 2008) . Dry woodlands and forests form the majority of forest types in Zambia, which are defined as vegetation types dominated by wooded plants that cover more than 10% of the ground surface (Chidumayo and Marunda 2010) . This definition encompasses a broad range of vegetation types from wooded grasslands and scrub, to closed forests. The impact of fire and long history of human use, which influences the structure and distribution of vegetation, complicates the classification of woodland vegetation into easily definable groups. In addition, many dominant tree species in Zambia are tolerant of a wide range of edaphic conditions (Chidumayo 2012a) . Despite these difficulties, the main dry forests and woodlands found in Zambia can be separated into miombo, Kalahari, mopane and munga or mixed woodlands (Makumba 2003) . A significant area of dry evergreen forests is also found in the country (Kindt et al. 2011) . A brief summary of these main forest types is provided below.
Miombo woodland
Miombo is the most dominant woodland formation and habitat type in southern Africa (Ryan et al. 2010 ). Miombo woodland is also the major forest type in Zambia itself, covering approximately 45% of the total land area (Kalinda et al. 2008; Stringer et al. 2012) . Miombo woodlands are of considerable economic importance in Zambia for the supply of firewood, charcoal, timber and NTFPs (Chidumayo and Kwibisa 2003) . Brachiaria, Digitaria, Heteropogon, Hyparrhenia, Hyperthelia, Panicum, Pogonarthria, Tristachya and Urochloa (Fanshawe 1968) .
Miombo woodlands are found on geologically stable rock formations and on nutrient poor soils (Bond et al. 2009 ). Tree cover generally exceeds 40% with rainfall normally above 600 mm per annum. If rainfall is above 1000 mm, tree cover may be greater than 60%, and canopy height can exceed 15 m; these woodlands are sometimes described as wet miombo (Timberlake et al. 2010; Kutsch et al. 2011) . Wet miombo woodlands usually have a higher diversity of tree species than dry miombo, and are generally found above 1000 m on the Central African Plateau; whereas dry miombo is found at slightly lower elevations of 500-1200 m (Byers 2001) . Chidumayo (1987) separated miombo woodlands in Zambia further into five subtypes based on dominant woody species and rainfall (Chidumayo 2012a).
Kalahari woodland
Kalahari or Baikiaea-Terminalia woodland is found on Kalahari sands of the upper-Zambezi basin in Zambia's Western and NorthWestern provinces (Mulombwa 1998; Sekeli and Phiri 2002) . This woodland covers approximately 9% of the country's land area (Siampale 2008) . Kalahari woodland is a secondary vegetation type formed from the disturbance of either Baikiaea or Cryptosepalum forests due to fire or agriculture (Kindt et al. 2011) . Kalahari woodland is similar to miombo woodland in terms of species composition, with Brachystegia, Isoberlinia and Julbernardia the dominant species (Chidumayo 2012a) . Other common species present include those of the genera Guibourtia, Burkea, Diplorhynchus and Parinari (Sekeli and Phiri 2002) . 
Mopane woodland
Mopane woodlands are distributed in a band stretching from southern to eastern Zambia (Kindt et al. 2011) . The woodland covers approximately 3.5% of the country's land area (Siampale 2008 Mopane woodland is more prevalent on heavier clay and nutrient rich, alkaline soils compared to miombo woodland (Mulombwa 1998; Timberlake et al. 2010) . Rainfall in these woodlands is 400-700 mm per year (Timberlake et al. 2010 ) and the upper altitude limit is approximately 1400 m (Kindt et al. 2011 ).
Munga or undifferentiated woodlands
Munga or Acacia-Combretum woodland is a more open or park-like deciduous woodland. Often viewed as secondary woodland, the munga woodlands are found over a large part of central and southern Zambia, covering almost 4% of the land area (Mulombwa 1998; Siampale 2008 (Kindt et al. 2011 ).
Dry evergreen forests
Dry evergreen forests are part of the transition of forest types from Guineo-Congolian rainforest to Zambian dry woodlands. Dry evergreen forests cover less than 3-5% of the country's land area and are restricted to NorthWestern and Western provinces in Zambia (Siampale 2008; Chidumayo 2012a) . The three subtypes are distributed on Kalahari sands (Cryptosepalum), lake basin (Marquesia) and on the plateau (Parinari) (Kindt et al. 2011) . These forest types are three storied with a canopy up to 27 m high and a dense shrub layer of 1. (Kindt et al. 2011) . This woodland type is confined to the wetter northern parts of the region with a mean annual rainfall of 800-1400 mm. The majority of this forest type occurs at an elevation of 1000-1500 m. Disturbance of these woodland types can lead to variations of miombo woodland and Chipya forests (Kindt et al. 2011 ).
Other forest types
Other forest types (both evergreen and deciduous) with limited distributions across Zambia include moist evergreen forest (divided into montane, swamp and riparian types); chipya woodland (derived from dry evergreen forest); and closed deciduous forests, which are divided into Baikiaea and itigi types (Mukosha and Siampale 2009; Vinya et al. 2011 ).
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Termitaria woodland
Termitaria woodland is a bushland or scrubland vegetation type associated with termite mounds, which alter the edaphic conditions and therefore the vegetation composition. Termite mound flora in Zambia generally has a higher species richness compared to the surrounding vegetation (Kindt et al. 2011 
Classification of Zambian woodlands
Historically various approaches have been used to classifying Zambian vegetation, including soil, stocking rates and species composition (Trapnell 1953; Lees 1962; Chidumayo 1987 (FAO 2005 (FAO , 2010 . Chidumayo (2012b) gives an annual deforestation rate of 157,300 ha for 1965-1996 and 826,544 ha for 1996-2005 . Due to the variability in these estimates, verification of current deforestation rates may be required (Kamelarczyk 2009 ). However, based on the most recent estimates made by UN-REDD and the ILUA, a rate of approximately 300,000 ha per annum seems a reasonable estimate.
Emissions from deforestation and forest degradation
In Zambia land-use change and forest loss is the main contributor to the country's GHG emissions. Deforestation and forest degradation in Zambia is estimated to contribute 3% to the total GHG emissions from deforestation worldwide. The UNFCCC INC estimated that carbon dioxide (CO 2 ) emissions from forestry and land-use change contribute almost 70% of Zambia's total GHG emissions (MTNER 2002) . At the district level forest degradation has been estimated to cause woody biomass losses of 0.3-4.0 t per hectare annually for miombo woodland in central Zambia (Chidumayo 2013 ).
Kamelarczyk (2009) provides values for emissions from deforestation and forest degradation using biomass estimates determined by a biomass conversion and expansion factor (BCEF) and allometric equations using ILUA data. Their analysis estimated an annual decrease in carbon in above-ground biomass (AGB) from 12.8 Mt to 20.9 Mt. Estimates of the change in forest extent and biomass density indicated a decrease of 4.7-7.5 Mt of carbon. Part of the difference in these estimates could be caused by forest degradation, which may not be captured in the lower estimate. Kutsch et al. (2011) estimated total annual emissions for Zambia based on the most recent deforestation estimates from the FAO (2005 FAO ( , 2010 as well as Kamelarczyk (2009) combined with their own biomass estimates in miombo woodland in Zambia, giving total emissions of 13.2-102.8 Mt of carbon per year. The high level estimates in this study were due to a combination of a high deforestation rate and biomass estimates from undisturbed woodland (Kutsch et al. 2011) .
Both of these studies demonstrate the current high uncertainties associated with estimating standing biomass and carbon emissions from deforestation and forest degradation in Zambia.
While the main drivers of deforestation and forest degradation in Zambia are wood extraction, agricultural expansion, infrastructure development and fires, a number of underlying causes also contribute to forest loss and degradation (Chundama 2009; Vinya et al. 2011) . Vinya et al. (2011) summarize the drivers of deforestation and forest degradation in Zambia as follows (see Figure 2 ).
Wood extraction
Wood extraction from forests includes fuelwood removal, logging and charcoal production (Gumbo et al. 2013 ). Although timber is extracted from Zambian woodlands for construction and manufacture of wood products, charcoal production is the biggest single driver of wood extraction and the primary cause of forest degradation (Clarke and Shackleton 2007; Vinya et al. 2011) . The ILUA estimated that 5.8 million tonnes of wood biomass was used to produce charcoal in 2008 (Kalinda et al. 2008 ). Fuelwood and charcoal make up over 70% of the national energy consumption (IDLO 2011). As only 20% of the population has access to electricity, charcoal is an important source of energy for both rural and urban populations in Zambia (Foster and Dominguez 2010). It is estimated that 98% of low-income families (which make up 85% of the urban population) depend on charcoal as their main energy source (Kalinda et al. 2008) . Although difficult to quantify, due to the unlicensed nature of the majority of the industry, it is estimated that charcoal production employs some 500,000 people in Zambia and contributes 2.2% of the country's gross domestic product (GDP) (Kalinda et al. 2008 ).
Zambezian dry forests contain almost 70 t per hectare of AGB suitable for fuelwood and charcoal harvesting (Malimbwi et al. 2010) . The degree of forest clearing for charcoal production can vary considerably depending on the site (Malimbwi et al. 2010) . If charcoal demand is low in an area, harvesting is more selective in terms of species and size classes used; whereas, in times of high demand, clear-fell harvesting of woodland is more common (Clarke and Shackleton 2007). Chidumayo has reported removal of 50-97% of the woody biomass from plots in miombo woodlands in Zambia (Chidumayo 1991 (Chidumayo , 1993 . Following harvesting, tree density can recover significantly within 30 years (Chidumayo 1993) ; charcoal production may therefore not lead to forest clearance (just degradation). However, charcoal production does frequently lead to deforestation, as thinning for charcoal or fuelwood facilitates subsequent clearance for agriculture (UN-REDD 2010a).
Agricultural expansion
Agricultural expansion is the second highest driver of forest loss in Zambia (Vinya et al. 2011) . A growing population has led to increased pressure for agricultural land in order to meet national and subsistence food requirements. Agricultural expansion is caused both by shifting subsistence cultivation and extensification of commercial farming. Agricultural expansion may account for up to 90% of forest cover loss, often for smallscale farming systems using shifting cultivation practices (UN-REDD 2010a; Campbell et al. 2011) .
Overgrazing has less impact on forest cover than arable land use, but has also been a problem in some provinces (such as Southern, Western and NorthWestern provinces and parts of Lusaka) and can inhibit woodland regeneration (Vinya et al. 2011 ).
Linked to agricultural expansion is migration, which has increased land pressure in some areas; such as the movement of commercial farmers from Zimbabwe to Zambia due to political and economic instability in Zimbabwe (UN-REDD 2010a; Vinya et al. 2011 ).
Infrastructure development and industry
Although a less important driver than wood extraction and agriculture, the growing population in Zambia has resulted in the expansion of urban settlements and infrastructure at a rate of 3.2% per annum (Gumbo et al. 2013) . Infrastructure development results in deforestation where development projects occur on areas of woodland and forest cover. The importance of this driver is likely to increase as Zambia needs to develop its infrastructure in a number of areas, including housing, transport (particularly rural road provision), energy, water, sanitation, irrigation and communication to enable development (Foster and Dominguez 2010).
Mining (predominantly of copper and cobalt) is a significant industrial activity in Zambia, particularly in Copperbelt and North-Western provinces. Mining contributes over 70% of foreign exchange earnings, forming a significant part of Zambia's GDP (IDLO 2011; GRZ 2011) . It is also a growing industry, with Zambia experiencing a steady increase in mining output over the last decade (GRZ 2011) . Mining can cause deforestation during initial clearance, as well as the need for large quantities of wood for tunnel supports and increasing demand for charcoal to support the energy needs of miners (Chidumayo 1989; Gumbo et al. 2013 ). For example, at the Kalumbila mining concession the development of infrastructure is estimated to have resulted in the loss of more than 7000 ha of forest cover (Vinya et al. 2011 ).
Fires
Caesalpinoid woodlands are strongly influenced by both natural and anthropogenic fires. Fires in miombo woodland and dambo grassland in southern Africa contributed 12.3% to total global emissions of CO 2 in 2000 (Sinha et al. 2004) . Over 50% of the land area in Zambia is affected by fire, with approximately 25% of the total land cover burnt annually (Archibald et al. 2010) . Fire incidences are spread throughout the country; however, high frequencies are found in the northern parts of the country and within protected forests and game management areas (Sikaundi 2012) . The majority (almost 90%) of fires set in miombo woodland are anthropogenic and linked to a number of different human activities (Ribeiro et al. 2012) . Fires are used to control vegetation, to enable land clearance for agriculture, to create potash for chitemene agriculture and to facilitate hunting (Vinya et al. 2011) . Fires can also escape and spread to larger areas during charcoal production, traditional rituals, burning of sugar plantations and the creation of fire breaks around villages, particularly at the end of the dry season.
Although fire predominantly impacts grasslands, Archibald et al. (2010) estimated that 22% of uncultivated savannah woodlands (which includes all of the main dry woodland types in the country) were burnt by fires in [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] . This figure rose to 33% in protected savannah woodlands (Archibald et al. 2010) . A study conducted by the Zambian Environmental Management Agency in 2007-2011 using MODIS (moderate | 9 resolution spectroradiometer) imagery indicated that deciduous woodland with sparse tree cover experiences the most severe fires each year (Sikaundi 2012) . However, a large proportion of fires in Zambia are small scale leading to a mosaic of burnt area patches. High-resolution imagery may therefore be required in order to make accurate estimates of burnt areas (Sá et al. 2007 ).
Dry woodlands in Zambia are tolerant of fire and regenerate vegetatively from stumps and rootstocks (Chidumayo 2004 ). However, long-term fire regimes, including annual, and sometimes biannual burning, can result in the transition of woodland to grassland (Bond and Keeley 2005) . Smaller trees, particularly those below 5 cm DBH (diameter at breast height) have high mortality (up to 12%) in intense fires in miombo woodland . Chidumayo (2013) estimated that fire caused 25-77% of total biomass loss at five permanent sample plots in miombo woodland in central Zambia. Fire can also inhibit regeneration and survival of young plants and therefore woodland recovery from clearance or degradation (Timberlake et al. 2010; Vinya et al. 2011) . Less intense fire regimes may stimulate tree growth in miombo woodlands. A long-term experiment within miombo woodland in Zimbabwe showed plots burned on a 3-or 4-year cycle attained greater tree height than unburned plots (Furley et al. 2008 ). The timing of fires has a bearing on their impact. Fires at the start of the dry season (April-June) are less severe than later in the season, due to weather conditions and the green state of the grass sward. Burning at the end of the dry season (AugustNovember) results in hotter fires, as grass is dry and therefore more combustible (Robertson 2005 ).
Underlying drivers
Linked to these main drivers of deforestation and forest degradation are the underlying high poverty levels, high population growth and large rural population of the country. Zambia is ranked 163 in world poverty by the World Bank Human Development Index (HDI) (World Bank 2012) . The population growth rate for 2012 is estimated at more than 3%, giving Zambia the 11th highest population growth rate in the world (CIA 2012) . It is estimated that almost 70% of the rural population depends directly on forests for energy needs, construction, fodder, wild foods and medicines (Chundama 2009 ).
Additional issues include inadequate governance and inadequate funding for departments tasked with managing forestry and the environment, which has led to low staffing levels and a lack of coordination among relevant departments (IDLO 2011; Vinya et al. 2011) . Government policies have also led to deforestation and degradation. Of 40 government policies relevant to REDD+ reviewed by Chundama (2009) , 21 policies were found to promote forest loss by legitimizing the loss of forest resources.
An insecure land tenure system has also contributed to increased exploitation of forest resources, leading to a prevalence of shifting agriculture and a lack of sustainable management practices (Campbell et al. 2011; Vinya et al. 2011) . The majority of the land in Zambia is open access, where land rights are unclear or unenforced, which can lead to unsustainable resource use for immediate gains (IDLO 2011; Vinya et al. 2011) . Wood biomass levels in regrowth miombo woodland in Zambia have been shown to be lower on land subject to customary tenure than land without (Chidumayo 2002 ).
Carbon sequestration in Zambian forests
Forest carbon change can be positive due to sequestration in growing forests. Undisturbed woodlands in Zambia may not be carbon sinks, possibly due to the fact that growth is limited by water and nutrient availablility as opposed to carbon dioxide (Kutsch et al. 2011) . However, the majority of woodland in Zambia is not undisturbed. Over 65% of Zambian woodlands are secondary, with 32% of forests either moderately or heavily disturbed, and regrowth within these woodlands may lead to carbon storage (Kalinda et al. 2008; Williams et al. 2008; Kutsch et al. 2011) . Woodlands in sub-Saharan Africa regenerate readily following wood harvesting and clearance for agriculture, as many common tree species re-sprout from the roots and stumps following disturbance (Luoga et al. 2004; Chidumayo 2011) . The high level of disturbance and regenerating ability of miombo woodlands indicates a potential carbon sink in regrowth woodlands in Zambia (Kalinda et al. 2008 ). In the majority of dry woodlands biomass accumulation with increasing age is associated with regrowth (Timberlake et al. 2010 ).
Fires, both natural and set for management purposes, may also influence sequestration through lowering productivity (Murwira 2009 ). Fire reduction may therefore increase carbon sequestration in miombo woodlands (Frost 1996; Chidumayo 2013 ).
National strategy and policy development targets for REDD+
Currently Zambia has no national action plan or national strategy for REDD+; however, REDD+ preparedness is taking place under the coordination of the Forestry Department (UN-REDD 2010a). The Government of Zambia's involvement in REDD+ is outlined in the National Climate Change Response Strategy (NCCRS) (MTNER 2010 
Reference levels and monitoring, reporting and verification
In order to develop an MRV system for Zambia a National Forest Assessment and Monitoring System is currently being established. The focus is on a distributed system, in line with the government's decentralization policy, with capacity built in a number of different provinces in the country (IDLO 2011 (IPCC) , apart from belowground biomass (BGB) which is problematic to measure in Zambian woodlands (due to deep root systems), necessitating estimation using expansion factors. ILUA II has been designed to assess carbon stocks by tree species in order to provide baseline reference levels for emissions (IDLO 2011) .
In addition to the ILUA field inventories, land cover change from deforestation and forest degradation has been estimated using Landsat data in order to develop a national reference emission level. The analysis has been conducted in collaboration with the Regional Centre for Mapping of Resources for Development in Nairobi. Land cover change has been estimated from land cover data from (Kasaro and Fox 2012 . Results of this national remote sensing survey are yet to be made available.
The national remote sensing survey should fulfill the requirements of the IPCC guidelines to establish a historical reference scenario for forest cover changes, in order to assess forest cover change in the future.
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Issues and challenges
A number of problems need to be overcome to ensure an adequate MRV system for REDD+ in Zambia. These problems can be broadly grouped into institutional capacity, state of knowledge and technical challenges.
Institutional capacity
Institutional and human resource capacity to monitor natural resources such as forest cover and carbon stocks is low in Zambia (Campbell et al. 2011) . In common with a number of African countries, Romijn et al. (2012) assessed the capacity gap for implementing a national forest strategy in Zambia to be significant. The draft National Forestry Policy for Zambia acknowledges the decline in resources for forestry research in Zambia since the 1970s and the need to develop research expertise, facilities and an institutional framework to meet forestry research needs (MTNER 2009 ). The capacity to monitor and report on forest cover and emissions is currently limited to a small number of individuals in the Survey Department (MLNREP), National Remote Sensing Centre, Forestry Department, Copperbelt University and the University of Zambia. In addition, access is limited to relevant technology, such as high-resolution spatial imagery. This is particularly problematic for REDD+ as a nationwide initiative (UN-REDD 2010a). Capacity building for REDD+ is one of the key activities outlined in the NJP for Zambia (UN-REDD 2010a).
Linked to this issue is the lack of data coordination between departments and institutions that will participate in REDD+ in Zambia. No formal data storing or sharing protocol exists between these institutes, meaning data relevant to MRV is difficult to access (UN-REDD 2010a; Campbell et al. 2011) . A report by UN-REDD identified the need for a specific monitoring unit for REDD+ in Zambia in order to tackle these issues (UN-REDD 2010a).
In addition, Zambia has no specific legal and policy framework for tackling climate change, aside from a climate change response strategy. A framework for institutionalizing REDD+ is needed at various levels for planning and implementation. This is potentially a significant barrier for REDD+ readiness in Zambia (UN-REDD 2010a (Vinya et al. 2011) . The impact of degradation from charcoal production (the primary cause of forest loss and degradation in Zambia) is also problematic to monitor (Kutsch et al. 2011; Gumbo et al. 2013 ).
In general, suitable methods for carbon stock estimation are not well developed for African countries (Kamelarzyck 2009). The carbon cycle in the miombo woodlands of Africa is also poorly understood (Williams et al. 2008; Bond et al. 2009 ). Information is even more scarce regarding the carbon cycle for the other major woodland types in Zambia (Kalahari, mopane and munga woodlands), which form a significant proportion (approximately 20%) of woodland cover in the country (Grace et al. 2006; Mukosha and Siampale 2009 ). Understanding of the carbon cycle is particularly limited in the soil, litter and deadwood carbon pool for Zambian woodlands (Chidumayo 2011; Stringer et al. 2012) . In miombo woodlands 50-80% of total system carbon is estimated to be in the top 1.5 m below ground (Walker and Desanker 2004; Ryan et al. 2010) . The impact of fire is another key ecological process crucial to the understanding of carbon stocks, about which current knowledge is limited .
The ILUA I dataset is a starting point to address the inadequacies in forest inventory data for Zambia. However, ILUA I was designed for global forest inventorying and is therefore not specific to forest ecosystems and structures found in Zambia (Vinya et al. 2011) . Developing a comprehensive forest database is therefore a major challenge (UN-REDD 2010a; Romijn et al. 2012) . The development of ILUA II will be a key step in establishing adequate MRV capacity in Zambia.
Technical challenges
Linked to both current institutional capacity and state of knowledge issues is the challenge of assessing carbon stock changes for REDD+ in Zambia. Zambia is a large country (approximately 750,000 km 2 ) with remote and inaccessible areas. The forest cover of the country is considerable but with a highly scattered and variable distribution due to the ecology of the forests and the long history and nature of human use. Disturbance from forest degradation (as well as fire and herbivory), coupled with the variable nature of Zambian woodlands, can result in a complex mix of different vegetation types (Ribeiro et al. 2012) . Mapping degradation, particularly from charcoal production, is therefore much more complex in Zambia than in continuous tropical forest landscapes such as those found in central Africa.
Remote sensing is also challenging in Zambia due to high cloud coverage and the open canopy and seasonality of the woodlands. The open canopy and pronounced grass layer makes distinguishing woodland from other savannah types, such as wooded grassland or scrubland, difficult. This is particularly true for semi-evergreen and deciduous woodland types during the dry season when trees are not in leaf. The average annual cloud cover for the country is more than 40% with high variability; the lowest cloud cover percentages are observed in November and December (Herold 2009 ). However, the optimum month to capture remote sensing imagery for forest cover changes in Zambia is at the start of the dry season (MayJune), when trees are still in leaf but grasslands are dying back and cloud cover is relatively low.
Despite the major institutional challenges facing MRV of REDD+ in Zambia there are considerable opportunities to develop an effective MRV system for the country. The current gaps in capacity, state of knowledge and technical challenges mean that initiatives can be specifically designed to achieve MRV objectives. For example, ILUA II has been designed with measuring and reporting for REDD+ as a key objective.
National datasets available for monitoring, reporting and verification of REDD+ in Zambia
A number of datasets are available for MRV of REDD+ in Zambia, generated from field inventories as well as remote sensing and aerial photography. They include ILUA I and II, aerial photographs, the USFS MRV report and satellite imagery from Landsat, RapidEye, MODIS, WorldView 1 and 2, GeoEye and Systeme Pour l'Observation de la Terre (SPOT). The data type, dates, cost, availability, potential uses and other characteristics are presented in Table 2 . The data sources selected for the FRA 2010 report indicate the relative paucity of data relevant to monitoring and measuring forest resources in Zambia, and the importance of ILUA I as an initial assessment. The information regarding forest cover, growing stock and biomass, and therefore carbon stocks, is all based on ILUA I. No data was available for forest fires and other disturbances affecting forest health and vitality. Data was also not available regarding public expenditure on forests (FAO 2010).
Data sources for the Global

United Nations Framework Convention on Climate Change National Communication
The • Agriculture Statistics Bulletin 1980-1996 • Central Statistics Office • research conducted at the University of Zambia.
The lack of reliable data on forests was identified as a weakness in the INC. The MLNREP is currently in the process of preparing its Second National Communication, which intends to address this weakness by using remote sensing.
Institutional framework and capacity for forest and agricultural monitoring
The MLNREP has overall responsibility for forest resources in Zambia, with monitoring of forest resources being undertaken by the Forestry Department. The Forestry Department has a presence in all nine provinces and in every district (IDLO 2011) . The management of national parks in Zambia, which contain considerable forest resources, is undertaken by the Zambian Wildlife Authority. The REDD+ Coordination Unit will be based in the Forestry Department, and MRV of REDD+ will be carried out by the Forestry Department with technical assistance from the FAO (UN-REDD 2010a).
Institutional capacity for forest monitoring for REDD+ is low in Zambia. In particular the Forestry Department has suffered from a decline in funding over the last 2 decades, which has Available data and current capacities 2 • income from and employment in forestry and agriculture • population levels and degree of encroachment into forests by communities living around forest areas • the types of forest products and resources used by communities; including timber species and level of harvesting of important timber species • the main agriculture crops and livestock production activities • land ownership and access to land. | 17 ILUA I had a low intensity of sampling points, limiting its use for district-level land-use planning; however, ILUA II will provide more district-and provincial-level data (MTNER 2010a ).
Evolving technologies
The use of remote sensing is an effective way of estimating base-level forest cover and deforestation rates on a national or regional scale for REDD+ (Mitchard et al. 2009 ). The ILUA used Landsat imagery to assess land cover change, and a national reference level for forest cover is currently being completed for Zambia using Landsat data (Mukosha and Siampale 2009). However, there are a number of technical limitations regarding the use of remote sensing for estimating biomass, including the degree to which remote sensing technologies can determine carbon stocks and carbon stock changes at a sufficient resolution for the needs of REDD+ (Le Toan et al. 2011) . The open structure of the major woodland types and the scattered nature of forest loss due to degradation and deforestation means higher resolution imagery may be required for accurate estimates of forest cover change in Zambia (Romijn et al. 2012) . However, many highresolution imagery datasets have limited coverage within the miombo ecoregion (see Table 2 ) (Ribeiro et al. 2012) . Spectral Mixture Analysis (SMA) is a technique that has the potential to overcome the spatial and temporal heterogeneity of miombo woodland types in order to map vegetation cover. Although current SMA techniques have not been applied to miombo, it has been used in ecosystems with structural similarities to miombo woodland (Ribeiro et al. 2012 ).
Additional technologies with potential applications for MRV in relation to REDD+ include radar, Synthetic Aperture Radar (SAR), and LiDAR (light detection and ranging) sensors (GOFC/ GOLD 2010). LiDAR and radar remote sensing can measure stand structural variables (such as height, volume and basal area) as well as biomass and changes in these variables due to disturbance (Schugart et al. 2010) . Radar is less sensitive to weather conditions compared to optical sensors, making wet season measurements within Zambian woodlands possible (Ribeiro et al. 2012) . Mitchard et al. (2009) used L-band radar backscatter (derived from ALOS PALSAR) 1 to predict AGB in four African landscapes, including woodland ecosystems in Mozambique. However, they suggest field plots remain essential for validation and for estimating a correction factor for AGB in grasses and stems with a DBH below 10 cm (Mitchard et al. 2009 ). used radar imagery (25 m resolution L-band radar imagery) in central Mozambique to produce maps capable of detecting changes in carbon stocks of as little as 12 mg of carbon per hectare. Loss of carbon from degradation had a greater level of uncertainty, which is significant in a Zambian context due to the high level of degradation from charcoal production. However, the advantages of this method are that cloud and atmospheric effects are largely irrelevant and backscatter (or L-band normalized radar crosssection) has been shown to have a reasonably direct relationship to woody biomass ).
Radar and LiDAR can also be used in conjunction to provide complementary information regarding forest structure (Schugart et al. 2010) . A combination of radar and LiDAR was used by Mitchard et al. (2012) to map tropical forest biomass in Lopé National Park, Gabon. However, cost and availability of LiDAR data may be prohibitive for MRV of REDD+ in Zambia. Acquisition of LiDAR via aircraft is currently expensive and satellite LiDAR data is not available until ICESat 2 is launched in 2015 (Mitchard et al. 2012) . The ILUA intends to gather LiDAR data through tasking of flights in selected test areas, in order to assess biomass and carbon for different forest types (MTNER 2010a ).
Another recent technology, which has potential applications for MRV in Zambia, is the use of unmanned aerial vehicles (UAVs) or drones. Small, unmanned aircraft are now available at relatively cost-effective prices and are capable of covering large areas of forests in a single flight. Applications include monitoring of forest cover changes using aerial photography, particularly at project-level scales. UAVs have several advantages, such as the ability to survey on demand, ease of repeatable monitoring and the ability to generate high-resolution imagery. There is also potential for UAVs to be used in conjunction with LiDAR devices (Wallace et al. 2012 Growth rates both in mature and regrowth miombo woodlands are relatively low. Net primary production in miombo woodlands is 900-1600 gm -2 per year and the annual increment of woody biomass is approximately 3-4% in mature stands (Frost 1996) . Vinya et al. (2011) cites annual growth rates in ring width of 4.4-5.6 mm for regrowth and 2.3-4.8 mm for mature woodland in southern Africa. The average wood annual increment for all Zambian forests is 1.3-2.7 t per hectare per year (Siampale 2008) . Table  4 provides a range of growth rate estimates, from 0.7 t to 1.4 t of carbon per hectare annually, for miombo woodlands in Zambia and neighboring countries. Growth rates for a number of common species found in Zambian woodlands are given in Appendix 1. Growth rates can vary depending on the age since regrowth in disturbed plots, as well as ecological conditions such as fire and rainfall. Rainfall is particularly important for productivity in miombo woodlands (Ribeiro et al. 2012 ).
The average growing stock for Zambia is estimated at 39.1 m 3 per hectare over all landuse classes and forest types (UN-REDD 2010a) . The national growing stock for Zambia (based on gross volume of all living trees with a DBH greater than 7 cm), is estimated at 2.8 billion cubic meters, of which 2.1 billion cubic meters is from semi-evergreen miombo dominated woodlands (Kalinda et al. 2008 ).
Carbon accumulation in Zambian miombo woodlands is greatest in the first 50 or 60 years after regrowth, with a limited increase in carbon stocks after that (Chidumayo 2011) . The most significant biomass recovery occurs within 30 years, with woody biomass production peaking within 18-20 years in regrowth woodlands (Chidumayo 1993; Frost 1996) . Williams et al. (2008) found that wood carbon stocks could recover within 20-30 years on abandoned farmland in Mozambique. The Forestry Department of Zambia (as well as those in Botswana and Zimbabwe) use a commercial cutting cycle of around 40 years (Sitoe et al. 2010) . For charcoal production in miombo woodland in Tanzania, Malimbwi et al. (2005) estimated that miombo forests could be harvested every 8 years and maintain approximately 70% of the standing biomass at this rate.
Standing biomass
A high degree of uncertainty is associated with biomass (and therefore carbon stocks) in savannah landscapes (Grace et al. 2006) . Standing biomass in Zambia is highly variable and dependent on a number of factors including stand age, soil type, rainfall, herbivory and fire (Frost 1996; Kutsch et al. 2011 ). Rainfall has a strong influence on biomass in miombo woodlands; for old-growth or lightly used miombo woodland approximately 55 t of dry biomass per hectare is found in dry miombo compared to around 90 t per hectare in wet miombo (Frost 1996; Clarke and Shackleton 2007) . Table 5 provides a range of biomass estimates, mainly for miombo woodland types in Zambia and neighboring countries. Biomass estimates for evergreen forests and the deciduous woodlands are limited. The ILUA and the Zambia Country Study carried out by the Centre for Energy, Environment and Engineering Zambia (CEEZ) for the INC, provide some estimates for evergreen forests and deciduous woodland types. Evergreen woodland has a higher biomass level than miombo, whereas open deciduous woodlands have a slightly lower level (CEEZ 1999; Mukosha and Siampale 2009 ). Kamelarczyk (2009) produced AGB estimates across all forest types in Zambia using ILUA data equivalent to tiers 2 or 3 of the IPCC guidelines. Growth rate from yields for coppiced plots aged 6-29 years from Kabwe Rural, Lusaka Rural and Mumbwa districts in Zambia 2.49 t/ha (biomass)
Chidumayo 1991 Above-ground biomass and belowground biomass at eight old-growth miombo woodland sites in central Zambia and woody biomass regrowth at miombo woodland sites harvested for charcoal production 2-3 t/ha (biomass) Chidumayo 1993 Two sites in miombo woodlands of the Southern Highlands of Tanzania: Longisonte forest reserve in Vwawa Division and Zelezeta Village forest reserve in Igamba division of Mbozi District
Mean above-ground carbon density of the miombo ecosystem was 19.2 t/ha-1
Munishi et al. 2010
Assessment of the impacts of elevation, tree species and management on carbon stock on the slopes of Rungwe Mountain in Tanzania. Twenty 15 m-radius plots with trees of DBH >10 cm were used to collect tree measurements as well as soil samples at depths of 10, 20 and 30 cm Above-ground carbon content increased with altitude, ranging from 9.2 t/ha at 2031 m to 561.7 t/ha at 2312 m Soil carbon content tended to increase down the slope, ranging from 3.8 t/ha at 2312 m to 4.7 t/ha at 2031 m
Mwakisunga and Majule 2012
Growth rates
Wood biomass growth rate as mean annual increment of wood biomass in experimental coppiced woodland aged 3-29 years and plots aged 48-49 years in the Copperbelt region of Zambia 1.97 t/ha/pa (SD = 1.68). Ranged from 0.41 t/ ha for plots aged 3-6 years to 2.91 t/ha for plots aged 7-29 years. 1.68 t/ha (SD = 0.39) for 48-49 year plots. Early burnt plots had a mean annual increment (MAI) of 0.60 t/ha compared to 0.22 t/ha for late burnt plots Chidumayo 1990 Growth rate in dry miombo woodland in Zambia over 35 years 0.9 t C/ha/pa Chidumayo 1997
Average for dry miombo in Zambia and Zimbabwe 0.75 t C/ha/pa Frost 1996 Stand growth rate for miombo woodland at Kitulangalo near Morogoro, Tanzania Four different methods were used to estimate biomass, including the IPCC BCEFs (average and low values) and allometric equations from studies by Brown (1997) and Chave et al. (2005) . These methods produced carbon estimates within AGB ranging from 15 t per hectare to 24 t per hectare (using the IPCC conversion rate of 0.47 for biomass to carbon). BGB estimates were made equivalent to Tier 1, using a below-to aboveground biomass fraction of 0.28. Total above-and below-ground biomass was estimated to be in the range of 960-1561 Mt of carbon. With total carbon stock (including biomass, deadwood, litter and soil) estimated at 2652-3323 Mt of carbon. Due to its greater prevalence, the majority of biomass was calculated to be in semi-evergreen forests (mainly comprising miombo woodlands) with a significant proportion of biomass found in deciduous woodlands (Kamelarczyk 2009 ). Kamelarczyk (2009) produced lower biomass estimates than some previous studies (including ILUA I) and concluded that verification studies are needed, involving destructive sampling of trees in order to clarify biomass estimates. Chidumayo (2012b) also produced lower estimates using ILUA I data with carbon in above-ground woody The ILUA also produced its own estimates for AGB and BGB solely using the methodology provided by the IPCC best practice guidelines (Eggleston et al. 2006) . Total national biomass (above and below ground) was estimated to be 5.6 billion tonnes. This equates to approximately 2.8 billion tonnes of carbon (Mukosha and Siampale 2009). The ILUA reports provide estimates for the different forest types found in Zambia and for disturbed and undisturbed forests (Kalinda et al. 2008; Mukosha and Siampale 2009) (Table  5 ). However, these estimates using IPCC BCEFs are subject to a high degree of uncertainty and lead to overestimates of biomass levels in ILUA I (Kamelarczyk 2009; Chidumayo 2012c ).
Allometric equations
The use of allometric equations is the preferred method of estimating biomass where forest inventory data exists, since it reduces uncertainty in estimates. Allometric equations are also necessary in order to achieve Tier 2 and Tier 3 level estimates under IPCC best practice guidelines. A number of allometric equations are now available to estimate AGB from forest data. However, there are a limited number available from Africa and within dry forest regions, including the open woodlands found in Zambia (Kamelarczyk 2009 ). The most recent equation developed for miombo woodland is based on the destructive sampling of 119 trees, comprising 19 species, and is suitable for estimation of biomass within miombo woodlands in Zambia (Chidumayo 2013) . Ryan et al. (2010) developed a site-specific allometric equation for both AGB and BGB in miombo woodland in the Nhambita area of Mozambique, based on the destructive harvest of 29 trees, 23 of which were excavated for root biomass calculation. Sitespecific equations have also been developed by Chidumayo (1990) from destructively harvested trees in miombo woodland in Zambia, and Abbot et al. (1997) for miombo woodlands in Malawi. However, verification of these models is required to determine their applicability outside the sample sites. A number of equations have also been calculated for C. mopane; however, these studies are all more than 15 years old and their current applicability may need verifying (e.g. Guy 1981; Scholes 1990; Tietema 1993) . No specific models have been developed for the evergreen forests found in Zambia. A common equation for African dry forests has also been produced by Chidumayo (2011) in order to estimate wood biomass from basal area.
Due to the limitations of the above equations, the most suitable equation for national-level inventories may be the one developed by Chave et al. (2005) . The equation uses the largest available dataset of 2410 trees harvested in 27 sites across the tropics. Generalized allometric equations are often better for national-scale assessments as many smaller studies are site specific having used a small number of species and samples in order to derive equations (Gibbs et al. 2007; Henry et al. 2010) . Despite the fact that it is limited by a lack of African study sites, the Chave et al. (2005) equation has also been found to be accurate by several site-specific studies within Africa, which have recommended its use for regional-scale studies (Djomo et al. 2010; Henry et al. 2010; Vieilledent et al. 2011) . Two dry forest equations from Chave (2005) were utilized in the UN-REDD study Carbon Stock Assessment and Modelling in Zambia, which was determined to be the most useful for AGB estimates in Zambian climatic zones (Kamelarczyk 2009) .
At a subnational level general models for each main forest type are preferable. As part of ILUA II, Chidumayo (2012c) has compiled an assessment for existing models used in sub-Saharan African dry forests. Data from destructively sampled trees were collated for Zambia, Tanzania and Botswana (including 82 species from miombo, mopane and munga woodlands) to develop new allometric equations. This study provides models for miombo, munga and mopane woodland types, as well as for all forest types and several key species and species groups in Zambian woodlands (Chidumayo 2012c ).
Root biomass and root to shoot ratios
A significant proportion of biomass is found below ground in African dry woodlands (Chidumayo 2011 ). Chidumayo (1993 estimated BGB as 36% of total biomass (below and above ground). Many species common to miombo woodlands have extensive root systems with tap roots that can extend more than 5 m, which makes studies of root biomass difficult (Frost 1996) . Chidumayo (1993) reported root biomass in soil layers as follows: 76% in 0-50 cm, 21% in 50-100 cm and 3% below 101-150 cm. For a study area in Mozambique, Ryan and Williams (2010) estimated a ratio of root to stem biomass of 0.27-0.58 with a mean of 0.42. Frost (1996) calculated ratios of 0.53 and 0.47. These ratios are higher than the AGB/BGB biomass fraction of 0.28 for tropical dry forests from the IPPC default tables (higher range) used by Kamelarczyk (2009) . Further estimates of BGB are included in Table 5 .
Deadwood and litter pools
Limited information is available regarding deadwood and litter carbon pools in the different forest types in Zambia. Frost (1996) gives a range of standing litter within miombo woodlands of 3.27-12.00 t of biomass per hectare. Only one of the studies cited was based within miombo woodland in Zambia, which had an annual average of total litter of 5.48 t of biomass per hectare (Frost 1996) .
The ILUA estimated deadwood biomass using an IPCC BCEF in relation to the growing stock estimate. This gave a total deadwood estimate of over 400 million tonnes within forests in Zambia (Mukosha and Siampale 2009). Kamelarczyk (2009) also uses a BCEF to make estimates of deadwood biomass using ILUA data. However, below-ground deadwood biomass and stump deadwood biomass were excluded due to insufficient data. Estimates of carbon stock with deadwood were 0.37-1.79 t per hectare. All carbon within deadwood was assumed to have the same ratio to living biomass of 0.47, which may need to be adjusted to a lower fraction. The ratio between deadwood biomass and live biomass ranged between 0.020 and 0.057 (Kamelarczyk 2009 ).
Both Kamelarczyk (2009) and the ILUA estimated litter using IPCC look-up tables (equivalent to Tier 1 estimates), although Kamelarczyk (2009) used the Frost (1996) litter estimate (5.48), rather than the IPCC default value for semi-evergreen forest. Litter was estimated to account for 2.48 t of carbon per hectare across all forest types (Kamelarczyk 2009 ).
Intergovernmental Panel on Climate Change expansion factors
There are very few country-specific BCEFs for Zambia, as a result the ILUA used default IPCC BCEFs in order to estimate AGB, BGB, deadwood and litter biomass (Kalinda et al. 2008) . However, as the carbon stock estimates derived using BCEF default values (using IPCC guidelines) were significantly different from estimates using other methods, Kamelarczyk (2009) considered these estimates invalid. When using a low BCEF value the estimates were more comparable with the estimates given by allometric equations (Kamelarczyk 2009 
Soil organic matter loss following deforestation
Soil carbon stock information for Zambian forests is limited. Miombo soils have low concentrations of organic matter with an average of 1%-2% in the topsoil (Chidumayo 1997) . Ryan et al. (2010) found the soil carbon pool in miombo woodland to be highly variable, which was correlated with soil texture. As with the litter carbon pool both the ILUA and Kamelarczyk (2009) made Tier 1 level estimates for soil carbon, which are subject to a great deal of uncertainty. Kamelarczyk (2009) used the value for mineral soils of 31 t per hectare (IPCC 2003) .
In savannah ecosystems, soil carbon stocks often exceed woody carbon stocks. As much as 50-80% of total system carbon is estimated to be in the top 1.5 m below ground (Walker and Desanker 2004) . Disturbance of soils due to agriculture alters nutrient cycling (such as through increased microbial respiration) and can cause a loss of soil carbon (Walker and Desanker 2004; Williams et al. 2008) . Soil carbon can therefore be a significant emitter of CO 2 when woodland is cleared. For sites in Zimbabwe, King and Campbell (1994) calculated a carbon loss of approximately 10% (in the top 0.5 m of soil), when miombo woodland was converted to arable land or pine plantations. Williams et al. (2008) found soil carbon stocks in abandoned farmland had a maximum of 74 t of carbon per hectare compared to a maximum of 140 t of carbon per hectare in miombo woodland soils in Mozambique. No significant increase in soil carbon stocks was found over the period of regrowth, suggesting a slow accumulation of carbon in these soils. Wood carbon stocks on abandoned land were capable of recovery in 2-3 decades but soil stocks did not change during this time period. Walker and Desanker (2004) found an average of 40% less soil carbon in agricultural soils compared to miombo woodland soils in Malawi and also reported slow recovery rates of soil carbon in abandoned farmland. The significant loss of carbon recorded in these studies may only apply to woodland converted to agriculture. Kutsch et al. (2011) found no significant difference in soil carbon content between plots within highly disturbed (for charcoal production) and undisturbed miombo woodland in Western Province, Zambia.
Fire is another key factor influencing carbon emissions from soil in Zambia. Bird et al. (2000) , in a study in a savannah ecosystem in Zimbabwe, reported that lower fire frequencies resulted in an approximately 10% increase in soil carbon stocks, whereas higher fire frequencies caused an approximate 10% decrease. Plots where fire was excluded had a 40-50% increase in carbon stocks in the first 5 cm of soil depth. Chiduymayo and Kwibisa (2003) also found fire reduced soil organic matter in Zambia.
Wood density of tree species
The Global Wood Density Database Zanne et al. 2009 ) has specific wood densities for a large number of African species including from within Zambia. This database has been used to derive wood densities for AGB estimates in a number of studies (Kamelarczyk 2009; Lewis et al. 2009; Djuikouo et al. 2010) . The World Agroforestry Database is another source of species-specific wood densities (ICRAF 2009 ). Kamelarzcyk (2009) used these databases to produce a new database of wood densities for the 350 species recorded in the ILUA I data. Chidumayo (2012b) also calculated specific wood density for 31 tree species found in miombo woodland in Zambia.
Mean wood densities for African tree species as a whole have also been calculated by Brown (1997) 0.58 g cm -3 , Henry et al. (2010) . These estimates are similar to the average wood density of 0.62 g cm -3 given by the IPCC (2003 ) for miombo woodland in Tanzania.
Non-carbon dioxide emissions associated with land-use change
Major GHGs other than CO 2 include methane (CH 4 ), nitrous oxide (N 2 O), ozone (O 3 ) and the halocarbons. In addition to CO 2 , deforestation and forest degradation and subsequent land-use change cause the release of CH 4 and N 2 O as well as carbon monoxide (CO), which influences concentrations of CH 4 . Halocarbons are emitted as a result of activities such as industry, and deforestation is not a contributor to emissions of these gases. Ozone is produced as a result of emissions from CH 4 , CO and nitrogen oxides (NO x ) (Houghton 2005) .
In Zambia, burning of fuelwood and charcoal, and burning associated with agriculture and natural fires are likely to be main causes of non-CO 2 emissions. The INC estimated on-site burning to contribute 226.23 Gg of CH 4 , 0.311 Gg of N 2 O and 11.24 Gg of NO x ; figures were not produced for off-site burning. Fires in miombo woodland and dambo grassland in southern Africa were estimated to contribute to global annual emissions from savannah fires worldwide of the following GHGs: CO (12.6%) and NO x (10.3%). In Zambia, total emissions of CH 4 , from the use of biofuels (charcoal and fuelwood) were similar or greater than dry season emissions from woodland and grassland fires (Sinha et al. 2004 ).
Future trends in drivers of forest carbon change
The deforestation rate in Zambia is likely to increase over the coming decade due to the growing population and a resultant increased demand for natural resources. A trend analysis by Vinya et al. (2011) indicated that forest cover loss would increase until 2020 and then decrease during 2020-2030; however, the baseline estimate and subsequent increase in deforestation rate for this analysis is very high (890,400 ha in 2000-2010, rising to 1,358,200 ha in 2020) considering the most recent estimates of the deforestation rate.
It was not possible to gather specific information regarding future activities that may cause forest carbon change. For example, forest allocation maps or mining concession areas were not readily available. The lack of capacity for sharing this kind of information is one of the challenges for MRV of REDD+ in Zambia. Compounding this difficulty is the fact that a large proportion of the forest carbon change activities in Zambia, such as charcoal production or expansion of subsistence agriculture, are illegal or unregulated and are therefore not officially recorded.
Plans to expand agriculture and other land uses
With a growing population and high levels of poverty the Zambian government is duty bound to explore opportunities to expand agriculture and infrastructure. The government's aim is to become a middle-income country by 2030 (GRZ 2006) . In order for this to be achieved Zambia will have to utilize its natural resources including forest areas (GRZ 2011 ).
The Sixth National Development Plan (SNDP) identifies the expansion of agriculture as key for economic growth, due to the size of Zambia's natural resources (GRZ 2011) . The National Agricultural Policy (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) encourages the expansion of areas under cultivation (including large-scale commercial farming), in order to achieve food security (IDLO 2011) . The policy indicates the potential for agricultural expansion, stating that of the 58% of the total land area having medium to high suitability for agricultural production only 14% is currently used for farming (MAC 2004 ).
The Zambian government also intends to encourage the development of the mining industry, a significant contributor to the country's GDP and economic growth, by facilitating the opening of new mines, promoting small-scale mining and diversifying the industry. The goal is to increase the contribution of mining to at least 20% of GDP (from an average of 9.1% in 2006-2009) by 2015 (GRZ 2011) . The government also emphasizes the need for construction of infrastructure, such as roads, in order to enable economic growth in Zambia. The SNDP and the Zambian Vision document also recognize the need for construction of new housing to meet a national housing deficit (GRZ 2006 (GRZ , 2011 .
Future developments in forests and agriculture 4
Background
As has been outlined earlier in this report, Zambia and the miombo ecoregion in general have a number of knowledge gaps in terms of scientific research relevant to MRV of REDD+. Bond et al. (2009) regard the limited data on deforestation, the high variability of miombo woodland vegetation and a poor understanding of the carbon cycle as key issues for estimating carbon supply in miombo region countries for REDD+. Stringer et al. (2012) list the following as knowledge gaps regarding carbon storage and sequestration in drylands in sub-Saharan Africa:
• AGB: lack of observational data regarding present day AGB storage and lack of quantitative assessment of human and ecological drivers of AGB, including fire • soil organic carbon (SOC): insufficient information on the amount, distribution and form of SOC; lack of empirical data to test soil respiration models and unique factors effecting SOC in drylands • lack of understanding regarding carbon stocks, ecosystem services provision and the future drivers of change.
The Global Observation for Forest Cover and Land Dynamics (GOFC/GOLD) Sourcebook (2011) recommends incorporating the data of past scientific studies into estimation of carbon stocks if the data is less than 10 years old. A large proportion of the previous studies in miombo woodland in Zambia are from the late 1980s and early 1990s. As such much of this research may not be suitable for calculation of current carbon stocks for the purposes of REDD+.
In summary, the main knowledge gaps relevant to MRV for REDD+ are: accurate forest cover trend data and verification of deforestation rates; the development of specific allometric models for estimation of biomass in different forest types; estimates of emissions from forest degradation due to charcoal production and woodland fires; and litter and deadwood carbon stocks. Soil carbon is another carbon pool subject to a great deal of variation and with limited understanding regarding the causes of the variation (Williams et al. 2008) .
Capacity is also low in Zambia for MRV, and strengthening of various institutional procedures needs to occur in order for repeat monitoring of REDD+ to be achievable. ILUA II and other regional-level projects should go some way to filling many of these knowledge and capacity gaps, as outlined below.
Studies within open deciduous woodland and evergreen forest
The specific vegetation cover in Zambia is determined by factors such as rainfall, soil type and altitude as well as historical human use and management. As carbon stocks vary significantly due to these factors further research to differentiate between standing biomass levels in different woodland types is necessary (GOFC/GOLD 2011). A major knowledge gap exists in that studies that do address standing biomass growth rates and emissions from carbon stock losses are focused on miombo woodland, as this is the dominant and most economically important woodland type in Zambia. However, the country has significant coverage of mopane, Kalahari and munga woodlands and evergreen forest, which are also subject to deforestation and degradation. It is therefore not known how loss of biomass from these vegetation types will affect carbon emissions. ILUA I did include some sampled tracts within Kalahari (20) and mopane (12) woodland; however, tracts within munga woodland (2) and within closed forest, including evergreen forest (1), were limited (Chidumayo 2012a The most recent IPCC guidelines require estimation of carbon stock changes for five carbon pools in forests: AGB, BGB, deadwood, litter and soil organic matter (Eggleston et al. 2006 ). The IPCC gives three tiers for reporting carbon stocks depending on the level of accuracy. Tier 1 comprises emissions factors using default global values. Tier 2 is based on country-specific activity data and static forest biomass information. Tier 3 requires more detailed methods such as countryspecific allometric models. Tier 3 also requires country-specific forest inventories and repeated measures in order to assess forest carbon change (IPCC 2003; Eggleston et al. 2006) . The data generated from ILUA I is suitable for meeting Tier 2 specifications of the IPCC good practice guidelines with regards to AGB and deadwood (UN-REDD 2010b). ILUA I data only enables estimation of carbon stocks in BGB, litter and soil pools equivalent to Tier 1 (Kamelarczyk 2009 ). ILUA II is intended to enable Zambia to move from Tier 2 to Tier 3 levels for reporting carbon stocks. However, soil sampling to determine carbon content from organic matter is costly, which may limit the amount of soil sampling that can be undertaken for ILUA II (Chidumayo 2012a) . The hard mineral soils and deep tap roots of dry woodlands in Zambia also make sampling to determine BGB problematic.
Using the IPCC look-up tables to provide default estimates per hectare for BGB (ratio to AGB), soil and litter is subject to a high degree of uncertainty. Chidumayo (2012b) suggests that the IPCC BCEFs are not suitable for REDD+ reporting in Zambia as they resulted in significant overestimation of biomass levels in ILUA I. Kamelarczyk (2009) found that applying the average BCEF values following IPCC guidelines resulted in a much higher estimate compared to other methods; as such, this method was considered invalid. The low BCEF values resulted in estimates more similar to those using allometric equations. The calculation of accurate countryspecific BCEFs is therefore important for REDD+ monitoring and reporting in Zambia.
Data to support an assessment of land use, land-use change and forestry
Emissions from land use, land-use change and forestry (LULUCF) in Zambia come predominantly from biomass burning on site (fires), from biomass decay and from offsite biomass burning, mainly through charcoal. In order to compile the GHG inventory for the INC, the emission factors and related activity data were sourced locally (MTNER 2002) . Zambia-specific information used for the GHG inventory included estimates for standing biomass within the different woodland and forest types (see CEEZ estimates in Table 5 ).
ILUA I provides some information regarding the degree of biomass burnt from charcoal and fuelwood in Zambia, including energy use in relation to forest distribution. The main gap for GHG inventory from LULUCF is a lack of country-specific expansion factors for Zambia, including for the different woodland types. ILUA II will calculate specific expansion factors for the woodlands in Zambia. The relative degree and contribution to land-cover change from fire, charcoal production and shifting agriculture, particularly for different parts of the country, are also important areas for further research. In addition, the variability of recent estimates of the deforestation rate for Zambia suggests that verification using remote sensing is required (Kamelarczyk 2009 ). The national remote sensing survey (currently ongoing) should provide a more accurate estimate of reference level deforestation rates.
Gap assessment for national requirements
Data meeting national policy requirements and principles
Zambia currently has no national strategy with regards to REDD+. National policy requirements are therefore aligned with the international reporting requirements of the IPCC. The main policy requirements related to MRV are derived from Outcome 5 and Outcome 6 of the NJP document for Zambia as outlined below (UN-REDD 2010a): In terms of Outcome 5 and its outputs, ILUA II has been designed to provide specific data for assessment of carbon stocks in all of the main woodland types in Zambia. As such, it should enable assessment of GHG emissions from forested land. Until ILUA II is completed and the results published, an assessment of this outcome cannot be completed. One concern is that the data for ILUA I have not been readily available. The data sharing capacities for ILUA II need to be strengthened in order for all of the above outputs to be realized. The results of ILUA II should be made available through an open access database (Open Foris) currently being developed (MTNER 2010a) . Steps have already been taken to establish an operational forest monitoring system for Zambia (Output 5.2), including the development of regional monitoring centers.
An additional concern for ILUA II has been raised regarding the sampling design. The current sampling design is an intensification of the systematic design used in ILUA I. Chidumayo (2012a) suggests that ILUA II should include stratified sampling to ensure coverage of all major land types, including the unevenly distributed closed forests types such as evergreen forest.
Outcome 6: Assessment of reference emission level and reference level undertaken
• Output 6.1: Historical rates of forest area and carbon stock changes reviewed • Output 6.2: National circumstances assessed Output 6 will also be addressed primarily by ILUA II. The national remote sensing survey should provide accurate reference-level deforestation rates and therefore emissions when combined with inventory data (Output 6.1). As with the field component of ILUA II, until this survey is completed an assessment of this outcome cannot be carried out. The ILUA has provided socioeconomic data that will contribute to Output 6.2, as will the recent protected area gap analysis produced for the country (MTNER 2012) . Data needs relevant to national priorities are provided below.
Gap assessment for subnational requirements
The number of regional MRV projects in Zambia is limited. As such CIFOR's NFP will be an important component of REDD+ readiness for Zambia by developing a pilot MRV system. The project will contribute to capacity building for MRV of REDD+ through collaboration with local partners including the Forest Department at district level; the Zambian Wildlife Authority, through the Directorate of Game Management Areas; and the associated Community Resources Boards, etc. The NFP will also complement national work being undertaken for MRV of REDD+; for example, field components of the project will follow the protocol for the ILUA as far as possible.
The USFS is providing technical assistance for remote sensing in Zambia's Eastern Province. This provides an opportunity for building capacity in remote sensing and geographical information systems (GIS) of Forestry Department staff and other stakeholders. Another important REDD+ and MRV stakeholder operating in Zambia is the Southern African Development Community (SADC), which is interested in the development of integrated MRV systems for REDD+ in the SADC region. As such they are also conducting an MRV project similar to the NFP in the northern part of Eastern Province. The focus of the project will be on improving forest inventory data and land-use data to improve forest management at a district level. As these regional programs and the national program (ILUA) have similar objectives and aims for forest measurement and monitoring in Zambia, there are significant opportunities for collaboration. For example, the SADC will provide funds for intensification of ILUA field plots within their study area.
Recommendations for gap filling
Data and methodological gap filling
Research in the following areas would be beneficial in filling data and methodological gaps (as outline above, ILUA II and the NFP should fill many of these data gaps):
• Development of specific allometric equations for biomass estimation in Zambia; currently the best available regional equations are not developed in Africa. This should include destructive sampling to verify standing biomass within different forest types (Kamelarczyk 2009 (Williams et al 2008) .
• The impact of fire on woodland loss and carbon stocks; including whether fire control in recovering woodland can stimulate accumulation of soil carbon and greater tree biomass (Williams et al. 2008 ).
• Deadwood estimation within all forest types.
• Methods developed to assess forest degradation and biomass estimates in Zambia using remote sensing, i.e. use of different resolution datasets to determine the most cost-effective and accurate methods. Studies should also couple remote sensing with field studies for verification of measurements (Ribeiro et al. 2012) .
Eligibility and capacity gap filling
The establishment of a centralized REDD+ center or department is an important step in ensuring the success of REDD+ in Zambia. Linked to this is the need for a national REDD+ policy from the government to ensure that a legal framework for REDD+ schemes is in place. The national REDD+ center should have overall responsibility for MRV of REDD+ in Zambia and should improve monitoring and reporting of forest cover changes in Zambia. For example, the coordination center could be responsible for reporting how future plans for landuse change, such as mining concessions, will affect forest cover.
ILUA II and work by UN-REDD, as well as regional projects by CIFOR, USAID, USFS and SADC will contribute to building capacity for MRV of REDD+ in Zambia. Of particular importance are the following areas:
• increasing the use of remote sensing and GIS by Forestry Department staff for repeat monitoring of land cover and forest cover changes • development of a national forest monitoring system that complies with international standards • development of (establishing and maintaining) local level monitoring systems that effectively and efficiently feed the national forest monitoring system • improving the ability to estimate future carbon emissions projections combining remote sensing and GIS, and in situ data • enhancing the ability of the Forestry Department and other stakeholders to resurvey ILUA sites.
